of different AE gene products are regulated and coupled to the activities of other plasma membrane transport Department of Biological Sciences Stanford University systems. For example, anion exchanger activity in nucleated cells is regulated by protein phosphorylation Stanford, California 94305-5020 (Schuster and Stokes, 1987; Vigne et al., 1988) and by changes in intracellular pH (Green et al., 1990; Lee et al., 1991; Olsnes et al., 1986; Mason et al., 1989) . We Summary have investigated the mechanism by which the widely expressed anion exchanger AE2 is regulated by intracelIntracellular pH is maintained by a dynamic equilibrium lular protons. Our data indicate that AE2, but not AE1, is balancing the opposing forces of proton loading and steeply sensitive to intracellular pH in the physiological proton extrusion. By providing an efflux pathway for range. We map the key determinant of this intracellular base, anion exchangers constitute a key component pH sensor to a cluster of four histidine residues located of the plasma membrane proton-loading machinery.
Introduction Exchange Activity in Cells
To assess the activity of cloned anion exchangers exAnion exchangers constitute a versatile class of plasma membrane ion transporters that mediate transport of pressed in transiently transfected human embryonic kidney (HEK) 293 cells, we exploited the properties of the CO 2 and HCO 3 Ϫ in the circulation and contribute to the regulation of intracellular volume, chloride, and pH in halide-sensitive fluorescent dye, 6-methoxy-N-ethylquinolinium chloride (MEQ) (Biwersi and Verkman, 1991) . most animal cells. Three homologous anion exchanger genes, AE1-AE3, have been identified at the molecular The nonpolar reduced form of this compound (diH-MEQ) is membrane permeant and readily enters cells, where level and are expressed in a tissue-and cell typespecific manner (reviewed by Kopito et al., 1987; it is converted to and rapidly accumulates as the impermeant, oxidized form, MEQ. MEQ fluorescence is 1991). The AE1 gene encodes the major intrinsic protein of the erythrocyte plasma membrane, also known as quenched strongly by halides such as Cl Ϫ , but not by oxyanions such as HCO3 Ϫ and NO3 Ϫ (Biwersi and Verkband 3 (Kopito and Lodish, 1985) . The abundant presence of this protein ensures rapid equilibration of Cl Ϫ man, 1991). MEQ readily accumulated in HEK 293 cells and did not lead to any observable cytotoxicity (data and HCO3
Ϫ across the erythrocyte plasma membrane, thereby distributing the relatively insoluble CO 2 gas as not shown). The quenching of MEQ by intracellular Cl Ϫ in HEK cells was examined under conditions where intrathe soluble HCO 3 Ϫ anion throughout the entire extracellular volume and providing the body with a regulatable cellular and extracellular Cl Ϫ were "clamped" by application of the Cl Ϫ /OH Ϫ ionophore tributyltin together with volatile pH-buffering system. By contrast, the AE2 anion exchanger, expressed at high levels in acid-secreting the H ϩ /K ϩ ionophore, nigericin (Verkman et al., 1989 ) ( Figure 1A ). Fluorescence emission of intracellular MEQ epithelia such as gastric parietal cells (Stuart-Tilley et al., 1994) , serves to maintain intracellular pH by providing was a linear function of [Cl Ϫ ] within the range 10-70 mM. Anion exchanger activity was determined in HEK cells an efflux pathway for base equivalents (Muallem et al., 1988) . In lymphoid and other nucleated cells, which extransfected with either an AE-expressing plasmid or vector DNA ( Figure 1B ). All such anion exchangers and press low levels of AE2 (Kudrycki et al., 1990) , the coordinated actions of plasma membrane Cl Ϫ
/HCO3
Ϫ and mutants were expressed at similar levels as determined by immunoblot analysis and by the similarity in the absoNa ϩ /H ϩ exchangers mediate the regulatory volume increase following hyperosmotic insult (Sarkadi et al., lute transport rates (data not shown exchange activity in this cell line (Lee et al., 1991) . We A Conserved Cluster of Histidine Residues in the N-Terminal Cytoplasmic Domain of conclude from these data that intracellularly trapped AE2 Is Essential for Regulation by pH MEQ is a suitable indicator with which to assay the To map the domain in AE2 responsible for its strong pH activity of heterologously expressed anion exchangers.
sensitivity, we tested a series of chimeric anion exchangers containing a murine AE2 "core," in which inDependence of Erythroid and Nonerythroid creasing portions of the N-terminal cytoplasmic domain Anion Exchangers on Intracellular pH were substituted by corresponding segments of murine The Cl Ϫ /NO 3 Ϫ exchange assay was used to determine AE1 (Ding et al., 1996) . AE1 and AE2 share limited sethe effect of intracellular protons on the activity of anion quence identity within this domain ( Figure 3A ); these exchangers. For these experiments, intracellular pH was homologous segments were used to form the fusion clamped to the extracellular pH using the H ϩ /K ϩ ionojunctions for the chimeric anion exchangers ( Figure 3B ). phore, nigericin, and by incubating the cells in high K ϩ Determination of pH dependence of Cl Ϫ /NO 3 Ϫ exchange solutions buffered to specific pH values. The decrease activity ( Figure 3C ) revealed that all of these chimeric in intracellular MEQ fluorescence upon replacement of anion exchangers had an AE1-like insensitivity to pH, extracellular NO 3 Ϫ with Cl Ϫ at a series of pH values besuggesting that the pH sensor domain in AE2 must lie tween 7.4 and 6.6 was monitored in cells expressing N-terminal to the site of the N-terminal-most chimera at AE2 or AE1 ( Figure 2A ). The initial rate of anion exchange amino acid 291. Examination of the sequence of AE2 activity in AE2-expressing cells was steeply pH sensiwithin this distal N-terminal region revealed the prestive, particularly near neutral, while the corresponding ence of the sequence, His-His-Ile-His-His. This motif is rates in AE1-expressing cells appeared to be relatively conserved in AE2 and AE3 from human, mouse, rat, unaffected by changes in pH. Quantification of the initial and rabbit (consensus, His-His-N-His-His, where N is rates of Cl Ϫ influx as a function of pH revealed that AE2 isoleucine in AE2 and threonine in AE3), but is absent activity was reduced to 25.8 Ϯ 4.7% over a 0.8 pH unit from AE1. Histidine is the only naturally occurring amino acid with a pKa near 7.0 (solution pKa ϭ 6.0), making it range, with a half-maximal value at pH 7.06 ( Figure 2B ). a candidate for a pH sensor operating within the physioand for its activity to be coupled to that of other pHregulating transport systems. However, the above studlogical range. To examine the role of this motif in the pH dependence of AE2-mediated anion exchange, we ies were performed for Cl Ϫ /NO3 Ϫ exchange under pH clamp conditions, where the intracellular and extracellutested the Cl Ϫ /NO3 Ϫ exchange activity of a mutant AE2 (AE2 4H→4L) in which all four histidine residues were lar pH were both varied simultaneously. To test the hypothesis that the histidine cluster directly senses intrasubstituted by leucine ( Figure 4A ). This mutant anion exchanger was completely insensitive to pH across the cellular pH, and thereby determines the "set point" for the anion exchange activity, we assessed the resting range (pH 6.6-7.4) that is associated with a steep effect on the activity of wild-type AE2 activity. In particular, intracellular pH of AE2-and AE2 4H→4L-transfected cells loaded with the ratiometric fluorescent intracellular the strong activation of the exchanger between pH 6.8 and 7.2 was eliminated by the mutation. These data pH indicator, 2Ј,7Ј-bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein (BCECF). Cells were bathed in standard suggest that this histidine cluster in AE2 plays a key role in determining the pH-dependent regulation of Cl Ϫ /NO 3 Ϫ Ringer's solution buffered at pH 7.40 with 25 mM HCO 3 Ϫ , 5% CO2; resting pH was determined after establishment exchange activity mediated by AE2.
of steady baseline value ( Figure 4B ). The intracellular pH was then calibrated using a four-point calibration by The AE2 Histidine Cluster Contributes to the Regulation of Intracellular pH the nigericin/high K ϩ method (Thomas et al., 1979) . In cells expressing wild-type AE2, resting intracellular pH The preceding experiments reveal a crucial role of a histidine-rich motif in modulating the pH dependence was 6.99 Ϯ .087 (SD, n ϭ 7), in good agreement with values obtained for HEK (Lee et al., 1991) and other of AE2 Cl Ϫ /NO 3 Ϫ exchange activity. Since the mutated histidines all reside within a cytoplasmically disposed mammalian cell lines (Roos and Boron, 1981) and not significantly different from HEK cells transfected with region, these data suggest a role for the histidine motif in sensing intracellular protons, an important attribute vector alone (data not shown). By contrast, resting intracellular pH in cells expressing AE2 4H→4L was signififor AE2 to function in the regulation of intracellular pH cantly lower (p < 10 Ϫ5 ; two-tailed Student's t test), reachof intracellular volume, pCl, and pH. Although these latter parameters are tightly regulated within cells, the moing a steady-state value of 6.59 Ϯ .055 (SD, n ϭ 7). These data suggest that mutations in the histidine-rich lecular mechanisms of this regulation are poorly understood. Our data indicate that the pH dependence of AE2 cluster can influence the resting pH of cells by changing the intrinsic pH set point of the exchanger.
is steepest between pH 7.0 and 7.2, precisely within the physiological range in most animal cells (Roos and Boron, 1981) . The pH at which wild-type AE2 is halfDiscussion maximally activated is 7.06, a value well suited for participation in the regulation of intracellular pH near neutral. Intracellular pH homeostasis is maintained by a dynamic These data are also consistent with previous studies equilibrium balancing the opposing forces of proton indicating that anion exchange activity in various mamloading and proton extrusion (Roos and Boron, 1981) . malian cell lines is strongly activated by alkaline intracelBy providing an efflux pathway for bicarbonate, anion lular pH and inhibited by intracellular protons (Olsnes exchangers constitute a major component of the plasma Green et al., 1990) . However, the apparent membrane proton-loading machinery. The data in this pH0.5 value for electroneutral anion exchange varies bepaper identify a histidine-rich sequence within the cytotween pH 7.0 and pH 7.4, depending on the cell type plasmic domain of the nonerythroid anion exchanger and the conditions of measurement (Olsnes et al., 1987) . AE2 that serves as an intracellular pH "sensor" that can These differences could result from expression of differmodulate anion exchange activity by greater than 4-fold ent anion exchanger isoforms in different cell lines or across the physiological range of cytoplasmic pH. These from modulation of the AE pH set point by the intracelludata reveal an interaction between the two major dolar environment. For example, the AE2 pH i set point in mains of the anion exchanger and suggest a novel subosteoblasts is strongly influenced by the level of intracelstrate feedback mechanism in which intracellular prolular calcium, possibly via protein kinase activation tons directly control the activity of an acid-loading (Green et al., 1990) . AE2 contains several consensus plasma membrane ion transporter.
sites for phosphorylation by protein kinases (Kudrycki Anion exchangers comprise a versatile class of memet al., 1990; Alper et al., 1988) and is phosphorylated in brane transporters that contribute to the bulk transport of CO 2 and HCO 3 Ϫ in the circulation and to the regulation vivo (unpublished data). Further studies will be needed to determine whether the intrinsic pH sensor set point functionally independent. The data in this paper mandate a revision of this view and suggest that pH-depenof AE2, or the response of the anion exchanger to protonation of the histidine residues identified in this work, dent modulation of AE2 activity occurs through an interaction between the histidine cluster near the extreme is modulated by calcium binding, protein phosphorylation, or both.
N-terminus and the catalytically active C-terminal membrane domain. Histidine is the only naturally occurring All known anion exchangers are organized into two structurally distinct domains: a highly conserved C-teramino acid with a side chain pKa near neutral (pKa in solution ϭ 6.0). The presence of multiple adjacent minal membrane-spanning domain ‫04ف(‬ kDa) and a polar, cytoplasmically disposed N-terminal domain histidines in the motif suggests that the steep pH dependence of AE2 may reflect cooperativity in the protonation kDa) displaying lower overall sequence homology (reviewed by Kopito et al., 1987) . In AE1, the N-terminal of these residues. Histidine residues participate in coupling pH to the activity of the bacterial Na ϩ /H ϩ antiporter domain, which binds with high affinity to the cytoskeletal protein ankyrin, can be proteolytically removed without (Rimon et al., 1995) , a voltage-dependent mitochondrial pore (Petronilli et al., 1994) , and the external pH sensor apparent effect on anion exchange activity (Grinstein et al., 1978) . Similarly, mutants of AE2 (Lindsey et al., 1990) of inward rectifier K ϩ channels (Coulter et al., 1995) . Further experiments are needed to identify the site on and AE3 lacking the corresponding N-terminal domain are active in Cl Ϫ /HCO 3 Ϫ exchange. the membrane domain that interacts with the histidine cluster and to determine whether the protonated histiThese studies demonstrate that the C-terminal domain of anion exchangers is both necessary and sufficient dines suppress anion exchange by an allosteric mechanism regulation or through a "ball-and-chain" mechafor transport activity and have led to the view that the N-terminal and C-terminal domains of AE proteins are nism, as has been described for N-type inactivation of pRBG4 (Lee et al., 1991) . The AE1/AE2 chimeras have been de-K ϩ channels (Hoshi et al., 1990) . Polyhistidine tracts can scribed previously (Ding et al., 1996) . Mutant AE2, in which the form high affinity metal ion-binding sites, and our data sequence His-86-His-Ile-His was mutated into Leu-86-Leu-Ile-Leudo not exclude the possibility that these effects are Leu was constructed using "megaprimer" mutagenesis (Landt et mediated through metal ion binding to the histidine Sarkar and Sommer, 1990) . A 300 bp cassette containing cluster.
the four mutations was subcloned into the expression plasmid containing wild-type AE2 (Lee et al., 1991) . The entire cassette, including
The model suggested by our data differs from that the splice junctions, was confirmed by DNA sequencing.
recently suggested by the data of Zhang et al. (1996) , who argue that the pH sensor in AE2 is intrinsic to the
Expression of Anion Exchangers in Cultured Cells
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